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c NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

TECHNICAL NOTE D.-270 

EFFECT OF HARDNESS AND OTRER MECHANICAL PROPERTIES ON 

ROLLING-CONTACT FATIGUE LIFE OF FOUR 

HIGH-TEMPERATURE BEARING STEELS 

By Thomas L. Carter, Erwin V. Zaretsky 
and William J. Anderson 

SUMMARY 

The fatigue spin rig and the five-ball tester were used to determine 
the rolling-contact fatigue life at room temperature of groups of AISI 

hardness levels. Nominal test conditions included 800,000-psi maximum 
theoretical (Hertz) compressive stress and a synthetic-diester-base lubri- 

* A  cant. The fatigue-life results were compared with: material hardness, 
resistance to plastic deformation in rolling contact, and previously 
published tensile and compressive strength data for these same heats of 
material. The following results were obtained. 

4 M-1,  AISI M-50, Halmo, and WB-49 alloy steel balls tempered to various 

rl 
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Rolling-contact fatigue life and load-carrying capacity of each of 
the four alloy compositions studied increased continuously as material 
hardness increased. The improvement in load capacity was in the order 
of 30 to 100 percent over the hardness range tested. 
life or load capacity at intermediate hardness values was observed. 

No maximum fatigue 

.) 

The fatigue results obtained in this investigation did not correlate 
wi%h previously published tension and compression strength data for bar 
specimens from the same heats of material, which showed an apparent opti- 
mum strength at intermediate hardness values. This investigation, how- 
ever, showed that resistance to permanent plastic deformation of specimens 
in rolling contact increased continuously with increasing hardness. These 
conflicting trends of resistance to plastic deformation as measured with 
contacting spheres and as measured by elastic limit and yield strength 
of bar specimens indicate that very hard bar specimens may be susceptible 
to significant overstressing because of eccentric loading. 

Only minor differences in metallographic structure were observed 
for the different hardness levels of each alloy considered. 
balls tended to have more and larger fine (precipitated) carbides and 
greater definition of tempered martensite. 
decreased with lower hardness (higher tempering temperature). 

The softer 

Percent retained austenite 
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INTRODUCTION 

A s  a par t  of the  overa l l  attempt t o  Fmprove the  operating l i f e  of 
roll ing-contact bearings, much e f f o r t  i s  being spent on r e l a t i n g  the  
e f f e c t  of  various mater ia l  propert ies  t o  the  fa t igue  l i f e  of the  bearing 
elements. Any correlat ion between an e a s i l y  measured property of bearing 
mater ia ls  and roll ing-contact fa t igue  l i f e  may be very he lpfu l  i n  screen- 
ing poten t ia l  bearing materials. 

E l a s t i c  u n i t  and hardness are, respectively,  measures of t he  mini- 
mum s t r e s s  required for ,  and the resis tance to, permanent deformation of 
a material. Although mater ia l  fa t igue  can occur a t  s t r e s s  l eve l s  con- 
s iderably below t h a t  associated with p l a s t i c  deformation, y ie ld  s t rength 
and resis tance t o  impression (hardness) are basic  measures of material 
s t rength and hence o f fe r  promise of correlat ion with fa t igue  l i fe .  
though the  r a t e  of s t r a i n  used i n  determining both propert ies  i s  low 
compared with t h a t  encountered i n  high-speed rol l ing-contact  bearings, 
the r a t e  used i n  determining hardness i s  somewhat higher than t h a t  of 
the e las t ic - l imi t  determination. Furthermore, the  s t r e s s  pa t t e rn  gener- 
ated by the  contact of the hardness indenter i s  more similar t o  t h a t  of 
bodies i n  ro l l i ng  contact than i s  the  s t r e s s  pa t t e rn  i n  a tension or  
compression t e s t  specimen. For these reasons, hardness may be a meas- 
urable material  property t h a t  cor re la tes  with fat igue.  

Al- 

It i s  well known t h a t  mechanical s t rength increases with increasing 
mater ia l  hardness (ref.  1). Single b a l l  t e s t s  have shown an increase i n  
l i f e  with higher hardness (ref. 2) .  Furthermore, unpublished fu l l - sca le  
bearing da ta  show an improvement i n  roll ing-contact fa t igue  l i f e  with 
increasing materialhardness.  These da t a  did not include, however, the  
u l t  h a t e  hardness obtainable. 

The work of Muir, Averbach, and Cohen (ref .  3) has shown, f o r  the 
mater ia ls  they tes ted,  t h a t  mechanical-strength propert ies  increase with 
higher hardness t o  a maximum and then decrease a t  very high hardness 
values. This suggests t h a t  maximum roll ing-contact fa t igue  l i f e  f o r  a 
given a l l o y  composition may a l so  be obtained a t  a hardness l e v e l  below 
the maximm obtainable f o r  t h a t  material. 

The object of the research described herein w a s  t o  invest igate  the  
e f f ec t  of mater ia l  hardness on the roll ing-contact fa t igue  l i f e  of sev- 
e r a l  t o o l  s t ee l s  and t o  compare f a t igue - l i f e  r e s u l t s  with other mater ia l  
propert ies  associated with hardness. These material propert ies  include8 
resis tance t o  p l a s t i c  deformation and wear, percent re ta ined austeni te ,  
e l a s t i c  l imi t ,  yield strength,  and ult imate s t rength i n  both tension 
and compression. 
were obtained from the same heat  of material. 

All experimental r e s u l t s  f o r  a given a l loy  composition 1 
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The roll ing-contact fa t igue spin r i g  ( f igs .  l (a )  and (b ) )  and the  
f ive -ba l l  fa t igue t e s t e r  (figs.  l(c) and (a)) were used i n  these t e s t s .  

Fatigue Spin Rig 

The fa t igue  spin r i g  i s  described i n  d e t a i l  i n  reference 4. Essen- 
t i a l l y  it consis ts  of two b a l l s  driven at  high speed on the  inner sur- 
face of a race cylinder by an air j e t  ( f ig .  l ( b ) ) .  Loading i s  applied 
by cent r i fuga l  force. 
automatic f a i l u r e  detect ion and shutdown.. 

Instrumentation provides f o r  speed control  and 

Five-Ball Fatigue Tester 

The f ive -ba l l  fa t igue t e s t e r  e s sen t i a l ly  consis ts  of a driven t e s t  
b a l l  pyramided upon f o u r  lower ba l l s  positioned by a separator and f r e e  
t o  r o t a t e  i n  an angular-contact raceway. Specimen loading and drive is 
supplied through a v e r t i c a l  shaft .  
the four lower bal ls ,  bearing contact angle 
t ro l led .  
long-term m o n i t o r e d  t e s t s  were made possible. 

By varying t he  p i tch  diameter of 

By u t i l i z a t i o n  of a failure-detection and shutdown system, 
e ( f ig .  l ( d ) )  may 'Se con- 

Lubrication w a s  accomplished by introducing droplets  of synthet ic  
d i e s t e r  f l u i d  lubricant,  Mil-L-7808, i n to  an airstream directed at  the 
t e s t  specimen. 
pressure upstream of a long capi l la ry  tube; the pressure drop through 
the cap i l l a ry  w a s  su f f i c i en t  t o  give excellent control  f o r  the s m a l l  
flow rates required. 

Lubricant flow ra te  w a s  controlled by adJusting the  

The specimen w a s  loaded by dead weights act ing on the  spindle 

For every one revolution the spindle made, the  
through a load arm. 
and the contact angle. 
t e s t  spechen  w a s  s t ressed three times. Analysis of t h i s  is shown i n  
appendix A. 

Contact load was a function of the applied load 

The bearing housing assembly w a s  supported by rods held i n  f l ex ib l e  
rubber mounts ( f ig .  l ( c ) ) .  
provides f o r  alinement of the raceway and four lower balls with the  upper 
t e s t  b a l l  and drive shaft. Minor misalinements a re  absorbed by the  
f l ex ib l e  rubber mounts. Ver t ica l  o sc i l l a t ions  of t he  dr ive sha f t  created 
by r i g  vibrat ion a re  dampened by the rubber mounts. 
not dampened, will increase the s t r e s s  level of the ball specimen, thus 
influencing fat igue -1if e resul ts .  

Positioning of the  rods and rubber mounts 

Such vibrations,  i f  
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Choice of test-specimen ro t a t ive  speed w a s  provided through s t ep  
A magnetic pickup feeding an elec-  pulleys driven by an e l e c t r i c  motor. 

t ron ic  counter.provided fo r  precise speed measurement. 

Ambient temperature w a s  measured with a thermocouple i n  contact with 
the raceway containing the f r e e l y  ro t a t ing  lower ba l l s .  Temperature 
ca l ibra t ions  show t h a t  the temperature recorded by the  thermocouple w a s  
within 1 percent of the  test-specimen ambient temperature. 

T e s t  Specimens 

B a l l  specimens of 9/16-inch diameter were made from AISI M-1,  A I S I  
M-50 ,  and Halmo t o o l  s t e e l s  having the  nominal chemical compositions 
shown i n  t a b l e  I. These specimens were fabricated from the same heats  
of mater ia l  as were used t o  fabr ica te  bar  specimens used by another in -  
vest igator  t o  es tab l i sh  tension and compression strengths f o r  these a l -  
loys ( re fs .  5 and 6 ) .  This i den t i ty  o f  mater ia l  o r ig in  makes possible 
the  d i r ec t  comparisons o f  b a l l  and bar  t e s t s  t h a t  are  discussed l a t e r .  
B a l l  specimens of 1/2-inch diameter were made *om WB-49 t o o l  s t e e l  hav- 
ing the nominal composition shown i n  t ab le  I. 

Groups of balls from each of these four  mater ia ls  were heat- t reated 
t o  give the range of hardness, i n  three o r  fou r  increments, shown i n  
tab le  11. For each a l loy  composition the  tempering temperature w a s  the  
only variable i n  specimen preparation, and thus the controlled var iable  
w a s  mater ia l  hardness. 

Race cylinders f o r  the spin r i g  were made from the  same hea ts  of 
A I S I  M-1, AISI M-50, and Halmo as the b a l l  specimens. All cylinders 
from the same a l l o y  received the same fabr ica t ion  and heat treatment so  
t h a t  they had the same hardness (Rockwell C-62 t o  63) .  Thus, cylinders 
run with the  varying hardness b a l l  groups of a given a l loy  were nominally 
ident ical .  

The support b a l l s  f o r  the  f ive -ba l l  tester were grouped i n  s e t s  of 
four having diameters matched within less than ten-mill ionths of an inch 
t o  insure even loading of the t e s t  specimen at a l l  four  contact points. 

Before assembly, a l l  tes t - sec t ion  components were flushed and 
scrubbed with absolute e thy l  alcohol and wiped d r y  with clean cheese- 
cloth.  Before running, the test  specimens were weighed, measured, and 
examined f o r  imperfections at  a magnification of 60. 
begun, t he  spechens and a l l  contacting surfaces were coated w i t h  t e s t  
lubricant.  

Before a t e s t  w a s  

. 
b 

r 

M 
1 
UI 
N 

. 
a 



5 
* 

After  completion of a test  i n  the fa t igue  spin r ig ,  the race t r ack  

'[ 
9 -  

a 
w a s  examined v isua l ly  f o r  imperfections. 
cylinder w a s  fa i led ,  the t e s t s  would be resumed on a new t rack  i n  the  
same cylinder. Likewise, i n  the f ive-bal l  t e s t e r  the support b a l l s  were 
examined. A l l  four  support b a l l s  were replaced i f  a fa t igue  s p a l l  o r  
mechanical damage w a s  found i n  any one of them. 

I f  the  t rack  on the  spin r i g  

Speed and o i l  flow were monitored and recorded a t  regular  intervals .  

The higher temperature 
Tests were run at an ambient temperature of about 75' F i n  the  sp in  r i g  
and about 150' F i n  the f ive-ba l l  fatigue t e s t e r .  
i n  the  f ive -ba l l  fa t igue t e s t e r  was caused by f r i c t i o n a l  heating. 

+ 
N 
T 
Fil 

The s t r e s s  developed i n  the contact area under a pa r t i cu la r  load 
was calculated by using the modified H e r t z  formula given i n  reference 7.  

Total  running time f o r  each specimen w a s  recorded and converted 
in to  t o t a l  s t r e s s  cycles. Fa i lure  data were p lo t ted  on Weibull' paper, 
which i s  a p lo t  of the log  log of the reciprocal  of the probabi l i ty  of 

t a i l e d  descr ipt ion i s  given i n  reference 8. 
of s t r e s s  cycles necessa ry to  f a i l  any given portion of a specimen group 
may be determined. 
cycles within which one-tenth o f  the specimens can be expected t o  fail,  
i s  determined by t h i s  method and i s  used as a value f o r  fa t igue  life. 

survival  against  the log of the s t r e s s  cycles t o  fa i lure .  A more de- 
From t h i s  plot ,  the  number 

The 10-percent lifb, which is  the number of stress b 

Measurement of Deformation and Wear 

Deformation t races  of the t e s t  specimens were made on a Talyrond 
Contour Tracer. By use of t h i s  machine the  e f f e c t  of the number of 
s t r e s s  cycles and t e s t  conditions on permanent deformation was  studied. 
Deformation produced on surfaces i n  r o l l i n g  contact takes three basic  
forms: (1) e l a s t i c  deformation due t o  contact s t resses ,  ( 2 )  p l a s t i c  
deformation due t o  excessive s t resses  and repeated loading, and (3) w e a r  
of the contacting surfaces due t o  r e l a t i v e  s l iding.  The f i r s t  shows no 
e f f ec t  on the specimen p ro f i l e  upon removal of the  load. The l a t t e r  two 
r e s u l t  i n  the permanent a l t e r a t ion  of the ball .  
gram of the transverse section of a b a l l  surface showing t h i s  condition. 
A diagram of a Talyrond t r ace  of t h i s  transverse section, which magnifies 
deviations fram a t rue  sphere, would appear as shown i n  f igure  Z(b). 

Figure 2 ( a )  i s  a d ia -  

The p ro f i l e  i n  f igures  Z ( a )  and (b) shows t h a t  the  mater ia l  has 
been added t o  the  surface immediately adjacent t o  the running track. 
The region of increased volume extends approximately one t rack  width on 
e i t h e r  side. 
t o  the region adjacent t o  the track should equal the volume of mater ia l  

sible.  However, t h i s  i s  not the  case. The volume l o s t  i n  f igure  2 is  
much grea te r  than the volume gained. 
removed by wear. 

I f  wear did not take place, the volume of material added i 
* displaced from the t rack  i t s e l f  since s t e e l s  a re  e s s e n t i a l l y  incompres- 

The difference represents  mater ia l  
7 
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It should be noted t h a t  the  r a d i a l  distance on a Talyrond t r ace  
such as shown schematically i n  f igure 2(b) ‘ i s  of a much higher magnifi- 
cation ( X Z O O O )  than the circumferential  dis tance (X30). 
it can be seen tha t ,  due t o  the  convergence of t h e  transverse distance 
i n  areas closer t o  t he  center, the  areas of deformation and w e a r  cannot 
be measured directly.  To accurately measure the  areas, the Talyrond 
t r ace  i s  projected at  X5 magnification and drawn on polar  gr id  paper. 
The converging transverse distances a re  then adjusted mathematically t o  
compensate for the  unequal magnification. The areas of deformation 
and of deformation plus wear on the  t r ace  were measured by use of a 
planimeter, and t h e i r  volumes were calculated. The w e a r  volume is  
the  difference between these two volumes. 

b 

F r m  f igure  2(b) 

Retained Austenite Determinations 

The percent by volume of re ta ined austeni te  i n  the  metallographic 
s t ruc ture  was  determined by X-ray d i f f r ac t ion  techniques f o r  specimens 
from each of the heat treatments of the four a l loys studied. A s e r i e s  
of cal ibrat ion specimens with a known percent austeni te  w a s  prepared by 
inser t ing  austeni t ic  s t a in l e s s - s t ee l  wires i n  a cross sect ion of low- 
carbon ( f e r r i t i c )  s teel .  
i s t i c  of austenite w a s  measured f o r  the known specimens, and a cal ibra-  
t i o n  curve of percent austeni te  against  d i f f rac t ion- l ine  in t ens i ty  w a s  
plotted.  
austeni te  given in  tab le  I1 i n  the metallographic s t ruc ture  of the b a l l s  
receiving the  various heat treatments. 

The in t ens i ty  of a d i f f r ac t ion  l i n e  character- 

This ca l ibra t ion  w a s  used t o  determine the percent retained 

RESULTS AND DISCUSSION 

Rolling-Contact Fatigue Studies 

Groups of 9/16-inch-diameter AISI M-1, AISI M-50, and Halmo s t e e l  
b a l l s  having material  hardness as the controlled variable were tes ted  i n  
the  fat igue spin rig.  Standard t e s t  conditions were room temperature 
(no heat  added), a synthetic d i e s t e r  lubricant,  and a b a l l  loading t h a t  
produced a maximum theore t ica l  (Hertz) compressive stress of 800,000 p s i  
per  square inch. WB-49 steel b a l l s  of 1/2-inch diameter having hardness 
as the  controlled variable were t e s t ed  i n  the f ive-ba l l  tester under the 
same standard t e s t  conditions. 
a l loys w e r e  heat-treated according t o  the  schedule of tab le  I1 t o  give 
increments of material  hardness. 

Specimen groups from each of the  f o u r  

AISI M - 1  balls. - Rolling-contact fa t igue- l i fe  r e s u l t s  f o r  Rockwell 
C 62, 64.5, and 66 AISI M-1 specimen groups a re  given as Weibull p lo t s  
i n  f igures-3(a)  t o  (c). 

r e  spec t ively.  

Figure 3(d) i s  a summary f i  ure showing 10- 
percent f a i l u r e  l i ves  of 97x106, 57Ox1O6, and 695x10 8 stress cycles, 
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A I S I  M-50 bal ls .  - Results f o r  Rockwell C 60, 60.5, 62, and 63 A I S I  
M-50 b a l l s  are given as Weibull p lo ts  i n  f igures  4(a)  t o  (a). 
of these r e s u l t s  i n  figure 4 e )  shows 10-percent failure l i ves  of 65x10 , B A smar  

l16x106, 176X1O6, and 182x10 6 stress cycles, respectively.  

Halmo bal l s .  - Because of speed l imitat ions of the  tes t  apparatus, 
the tes t  stress f o r  t h i s  a l loy  was reduced from the  standard s t r e s s  of 
800,000 p s i  t o  750,000 psi. Other conditions remained standard. The 
fat igue lives of b a l l  groups having hardnesses of 59, 60, and 62 on the  
Rockwell C scale  are given i n  f igures  5(a) t o  (c ) .  For’ comparative pur- 
poses a second l i n e  showing ac tua l  l i f e  was adjusted t o  tha t  expected at  
the  standard tes t  stress. 
inverse loth power r e l a t ion  between l i f e  and stress previously reported 
f o r  t he  spin r i g  i n  reference 8. Figure 5(d) i s  a summary of these ad- 
justed Weibull p lo t s  showing 10-percent f a i lu re  l i v e s  at  standard t e s t  
conditions of 41X106, lloW06, and 35OxLO6 stress cycles, respectively. 

This adjustment w a s  made according t o  the 

WB-49 balls. - This material was  tes ted i n  the f ive-ba l l  t e s t e r ,  
where speed l imitat ions were not a controll ing f ac to r  over the w i d e  
range of hardness values investigated. Although the  standard t e s t  con- 
d i t i ons  were employed, the ro l l i ng  velocity and area  of the  running 
t rack  were lower than i n  the spin r i g  and the amount of r e l a t ive  s l id ing  
between the  contacting surfaces (a1 s i n  e, f ig .  l ( d ) )  w a s  greater  be- 
cause of t he  e f f ec t  of contact angle (fig. l ( d ) ) .  

Rolling-contact fa t igue l i v e s  f o r  groups of balls having Rockwell C 
hardnesses of 55, 60, 65, and 68 are  given i n  f igures  6(a)  t o  (a). Fig- 
ure 6(e)  i s  a summary of Weibull p l o t s  for  these specimen groups showing 
10-percent failure l ives of 1. 7X106, 4. 3X106, 5. 8X106, and 27. 5x106 
s t r e s s  cycles, respectively. 

Discussion of fa t igue l ives.  - Figures 3(d), 4(e), and 5(d) show a 
continuous increase i n  10-percent rolling-contact fa t igue  f a i lu re  l i fe ,  
as measured i n  the  fat igue spin r ig ,  with increasing m a t e r i a l  hardness 
f o r  A I S I  M-1,  A I S I  M-50, and Halmo al loy s t e e l s ,  respectively. This 
trend w a s  a l s o  present In the  longer lived specimens, as measured by the  
50-percent f a i lu re  l i f e  fo r  AISI M - 1  and Halmo. A t  the  highest hardness 
level ,  A I S I  M-50 had lower s c a t t e r  than the other  a l loys  and showed a 
reduced 50-percent l i fe .  The WB-49 f ive-ba l l - tes te r  specimens (f ig .  
6(e)) showed an increase i n  both the  10-percent and 50-percent fa t igue 
failure l ives  with increasing hardness. 
i s  the  more important c r i t e r ion  fo r  evaluating the  material because of 
the high degree of bearing r e l i a b i l i t y  required i n  a i r c r a f t  and space- 
c r a f t  systems. Therefore, fur ther  discussion i s  based on the  10-percent 
failure l i fe .  

Ear ly  failure l i f e  (10 percent) 

t 
i 

w 
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Figure 7 i s  a p l o t  of 10-percent l i f e  against hardness f o r  t he  three  
a l loys  studied i n  the  fat igue spin r i g  (0' contact angle) and f o r  WB-49 
a l l o y  studied i n  the  f ive-ba l l  tester (40' contact angle). 
shows t h a t  there i s  a general  t rend toward longer fa t igue  l i f e  with in-  
creased mater ia l  hardness. 

Figure 7 

The r e su l t s  f o r  AISI M-50 ( f ig .  4) are  i n  good agreement with those 
given i n  reference 2, which show progressive increase i n  fa t igue  l i f e  
with higher mateTial hardness. 
conclusions of reference 9,  which assert t h a t  there  i s  a maximum l i f e  
f o r  AISI M-50 at intermediate hardness values. However, the  conclusions 
of reference 9 a r e  based on a complex empirical  l i f e  equation t h a t  must 
show a maximum, regardless of t he  experimental r e su l t s ,  because of i t s  
assumed quadratic form. Only l imited da ta  a re  avai lable  a t  t he  hardness 
l e v e l  (Rockwell C-64) producing the  purported maximum i n  l i f e .  
erence 9 ,  a t  the calculated optimum value of surface f i n i s h  and grain 
s ize ,  no da ta  were taken i n  the range above the optFnum hardness where a 
de te r iora t ion  i n  l i f e  is  reported t o  exis t .  Data are not avai lable  a t  
the  intermediate hardness l e v e l  (C-62) under the  same t e s t  conditions 
as the  C-64 data. 
of a maximum d i r e c t l y  without the use of the complex empirical  quadratic 
f om. 

These r e s u l t s  are i n  contrast  with the  

I n  r e f -  

Therefore, it i s  not possible t o  check the  existence 

A n  important c r i t e r ion  of bearing s t rength i s  load-carrying capacity. 
Load-carrying capacity of the four  a l loys  may be calculated a t  the var i -  
ous hardness levels  from the f a t igue - l i f e  r e s u l t s  summarized i n  f igure  7. 
Load capacity, contact load, and l i f e  a re  r e l a t ed  by the  equation 

c = P n &  

where 

C load capacity, o r  the contact load i n  pounds t h a t  will produce 
failure of 10 percent of the  t e s t  specimens i n  one mil l ion stress 
cycles 

P ac tua l  contact load i n  pounds 

ac tua l  10-percent l i f e  i n  mil l ions of stress cycles 

an exponent r e l a t i n g  load  and l i f e ,  u sua l ly t aken  as 3 f o r  bearing n 
s t e e l s  

Load capaci ty  f o r  each hardness l e v e l  of t he  four  a l loys studied and the 
reductions i n  l o a d  capacity of so f t e r  specimen groups r e l a t i v e  t o  the  
hardest  groups are given i n  the  following t ab le  ( the  var ia t ions  i n  con- 
t a c t  load  P are due t o  differences i n  geometrical conformity): 

c 

. 
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Material 

AISI M-1 
(spin r i g )  

A I S I  M-50 
(spin r i g )  

HaJmo 
(spin r i g )  

m - 4 9  
( f i v e  -ba l l  
t e s t e r )  

I ’  

Hardness , P LN C R a t i o  of C 
t o  hardest  

i n  group 
(f ig .  7)  Rockwell C- 

62 875 97 4020 0.518 
64.5 875 570 7240 .934 
66 8 75 695 7 750 1.000 

60 875 65 3520 0.711 
60.5 8 75 116 4270 .862 
62 875 1 7  6 4890 .989 
63 a 75  18 2 4950 1.000 

59 875 4 1  3070 0.498 
60 a 75 110 4160 676 
62 875 350 6160 1.000 

55 173 1. 7 206 0.394 
60 173 4.3 281 .538 
65 1 7 3  5.8 303 .580 
68 1 7 3  27.5 522 1.000 

I .  
N 
I 

t3 

t 

L 

These calculations show tha t  a large var ia t ion i n  load capacity may be 
produced b y  control  of material  hardness within the range (above C-58)  
applicable t o  bearing s t e e l s  and that t he  highest hardness of a given 
a l l o y  shows the highest load capacity. 
are f o r  t h e  same contact s t ress ,  specimen loads producing t h i s  s t r e s s  
varied because of differences i n  contact geometry3 and thus load  capac- 
i t i e s  f o r  t e s t s  run under different  b a l l  loads cannot be compared direct ly .  
The improvement i n  load capacity with higher hardness shown i n  t h i s  
t ab le  has been observed experimentally with fu l l - sca le  bearings. 
ure 8 shows the  load capacity as a function of hardness f o r  SAE 52100 
s teel  bearings tested by the  Marlin-Rockwell Corporation along with the  
results of the  present investigation, which are included f o r  comparative 
purposes . 

Although l i f e  da ta  i n  t h i s  t ab le  

Fig- 

Effect  of Hardness on Mechanical Strength 

Several  investigators have reported an increase i n  mechanical- 
strength properties such as elast ic  l i m i t ,  yield strength, and ultimate 
strength i n  both tension and compression with increasing mater ia l  hard- 
ness (refs. 3 and 10). A t  hardness values approaching the ultimate a t -  
ta inable  hardness f o r  a given al loy composition, these invest igators  
have observed a peak i n  the  measured strength values and subsequent l o s s  
i n  measured strength a t  higher hardness values. These observations sug- 
gest  a possible maximum i n  rolling-contact fa t igue l i f e  at  an i n t e r -  
mediate hardness l e v e l  close t o  the maximum f o r  a par t icu lar  alloy. 
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A s  a p a r t  of a coordinated research e f f o r t ,  of which the  fatigue 
da ta  reported herein axe a portion, the  e l a s t i c  l i m i t ,  y ie ld  s t rength,  
and ultimate s t rength i n  both tension and compression as a f’unction of 
hardness were measured for  bar  specimens f’rom the same mater ia l  heats  
of AISI M-1, AISI M-50, and Halmo as were used t o  produce the  ro l l i ng -  
contact fatigue data  reported i n  f igures  3, 4, and 5. Figures 9 and 10 
are  p l o t s  of mechanical strength i n  tension and compression, respective- 
l y ,  for  these alloys.  These data  were previously published i n  references 
5 and 6. Trends s i m i l a r  t o  those shown i n  references 3 and 10 were ob- M 

served. In  general ,  an increase i n  mechanical s t rength with higher hard- 
ness was observed up t o  an optimum hardness, a f t e r  which s t rength tended P 

t o  deter iorate  a t  very high hardness values. This de te r iora t ion  i n  
s t rength could be produced by minor eccen t r i c i t i e s  i n  loading t h a t  would 
cause higher than nominal s t resses  i n  very hard specimens and hence pro- 
duce an apparent loss  i n  strength.  A s  s t a t ed  by the  authors of r e f e r -  
ence 5, the deter iorat ion i n  strength a t  very high hardness may be due 
t o  res idua l  s t r e s ses  not re l ieved a t  t h e  low tempering temperature used 
t o  produce the highest mater ia l  hardnesses. An indicat ion t h a t  res idua l  
stresses a r e  not responsible for  loss  i n  s t rength a t  very high hardness 
i s  provided by the SAE 52100 data  given i n  references 5 and 6.  This 
steel  shows m a x i m u m  s t rength at an intermediate hardness, as do the  t o o l  
s t e e l s  i n  figures 9 and 10. However, rotating-beam fa t igue - l i f e  r e s u l t s  
for  t h i s  52100 s t e e l  given i n  references 5 and 6 do not show a maximum 
at an intermediate hardness. Since res idua l  s t r e s ses  a re  i n  tension a t  
the  surface and therefore additive i n  the rotating-beam t e s t ,  a m a x i m u m  
at an intermediate hardness and subsequent loss i n  l i f e  a t  t he  highest 
hardnesses would be ant ic ipated i f  res idua l  s t r e s ses  of s ign i f icant  m a g -  
nitude were present. The fac t  t h a t  no loss  i n  rotating-beam fat igue 
l i f e  w a s  observed a t  very high hardnesses indicates  t h a t  res idua l  s t resses  
are not the  primary cause of l o s s  i n  strength of very hard b a r  specimens. 

I cn 
c\) 

The apparent decrease of e l a s t i c  modulus at higher hardness values 
( f ig .  11) may be fur ther  evidence of overstressing due t o  eccentr ic  
loading. These r e s u l t s  (f’rom r e f .  6 )  are for  the  same heats of mate- 
r i a l  as the  b a r  specimens of figures 9 and 10 and the  b a l l  specimens 
of f igures  3 t o  5. Higher than nominal s t resses  would produce a greater  
amount of s t r a in  and hence reduce the  r a t i o  of nominal s t r e s s  t o  ac tua l  
s t r a i n ,  which i s  the measured e l a s t i c  modulus. 

The observed mechanical s t rength propert ies  from references 5 and 
6 do not correlate  with the  observed roll ing-contact fatigue l i f e  r e -  
su l t i ng  f o r  AISI M - 1 ,  AISI M-50, and Halmo. 
highest at an optimum intermediate hardness and somewhat lower at the  
highest  hardness values, while fa t igue l i f e  improved continuously with 
higher hardness. 
mechanical strength and fatigue l i f e ,  o r  t o  the  presence of undetected 
s t r e s s  concentrations caused by eccen t r i c i t i e s  i n  loading of t he  hardest  
tension and compression t e s t  specimens. 

Mechanical s t rength w a s  

This may be due t o  a t rue  lack of correlat ion between 

~~ ~ 

, 
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Deformation and Wear Studies 

Spin-rig specimens. - Wear and plastic-deformation volumes f o r  th ree  
1/2-inch AISI M - 1  spin-rig b a l l  specimens having hardnesses of Rockwell C 
62, 64.5, and 66 were measured from transverse surface p r o f i l e  t r aces  
( f ig .  2 )  of the b a l l ' s  running track. 
1.7~10~ stress cycles under the same test conditions as the AISI M - 1  
fa t igue  specimens reported i n  figure 3. Figure 1 2  i s  a p lo t  of wear and 
deformation volume as a function of b a l l  hardness. A general  trend to-  
ward decreased w e a r  and deformation volume with higher material hardness 
i s  observed. 

These specimens were run f o r  

Five-ball  t e s t e r  specimens. - Balls of 1/2-inch diameter from each 
of the  three hardness leve ls  of AISI M-1,  AISI M-50, and Halmo t o o l  
s t e e l s  and the two highest  hardness leve ls  of WB-49 s t e e l  were run i n  
the  f ive-ba l l  fa t igue t e s t e r  as wear and deformation specimens. These 
b a l l s  were run at a 40' contact angle t o  a t o t a l  of 10,000 s t r e s s  cycles 
under a load tha t  produced 750,000-psi maximum theore t i ca l  ( H e r t z )  com- 
pressive s t ress .  Wear and deformation volumes were measured from trans- 
verse surface p ro f i l e  t races  of the ball 's  running track. Figures 13(a) 
t o  (a) are  p lo ts  of these volumes against mater ia l  hardness. I n  each 
case a general trend toward decreased wear and deformation volume with 
higher mater ia l  hardness w a s  observed. 

Discussion of deformation and wear resu l t s .  - The p l a s t i c  deforma- 
t i o n  measurements compiled i n  figures 1 2  and 13 o f fe r  a possible method 
of checking the va l id i ty  of the mechanical-strength r e su l t s  at high 
material hardness. E la s t i c  l i m i t  and yield strength are measures of 
the  suscep t ib i l i t y  of a mater ia l  t o  p l a s t i c  deformation. Thus, a de- 
crease i n  ac tua l  e l a s t i c  l i m i t  and mechanical s t rength should be accom- 
panied by an increase i n  the degree of p l a s t i c  deformation. Figures 12 
and 13 show t h a t  the hardest specimen from each of the four a l loys showed 
the l e a s t  volume of p l a s t i c  deformation. This indicates  an increase i n  
the  ac tua l  e l a s t i c  l imi t  and yield s t rength a t  hardness leve ls  i n  the  
range where tension and compression t e s t s  showed a decrease i n  these 
properties.  
mens t h a t  are of necessi ty  concentrically loaded. The confl ic t ing re- 
s u l t s  with sphere and bar  specimens may be due t o  extraneous bending 
s t r e s ses  generated by eccentr ic  loading i n  the bar  specimens. Actual 
e l a s t i c  l imi t  and yield strength may continue t o  increase at  the  highest  
hardness levels,  contrary t o  the  apparent trends established with bar  
specimens i n  tension and compression. 

The deformation measurements were made from spherical  speci- 

The continuous improvement in  res is tance t o  p l a s t i c  deformation of 
AISI M-1, A I 3 1  M-50, and Halmo with higher material hardness does cor- 
r e l a t e  with the  observed upward trends of roll ing-contact fa t igue l i f e  
f o r  those materials. Thus, while the  t rue  e l a s t i c  l i m i t  may cor re la te  
with fat igue l i f e ,  inherent d i f f i c u l t i e s  i n  t e s t i n g  very hard bar  speci-  
mens may preclude- an accurate determination of the  true e l a s t i c  l imit .  

A 
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The increased resis tance t o  mechanical wear shown i n  f igures  1 2  and 
13 agrees with previously reported theo re t i ca l  and experimental resu l t s .  
B u r w e l l  i n  reference 11 s t a t e s  t h a t  w e a r  volume f o r  a given material ,  
load, and distance of s l id ing  i s  proportional t o  the rec iproca l  of hard- 
ness. The experimental r e su l t s  reported i n  reference 12 show a decrease 
i n  w e a r  volume with higher mater ia lhardness .  

Metallographic Structure  

The d i f fe ren t  tempering temperatures used t o  produce the  var ia t ion  
i n  hardness f o r  each of the four mater ia ls  studied produced only minor 
modifications i n  metallographic structure.  Photomicrographs of these 
s t ruc tures  are shown i n  f igures  14  t o  17. The s o f t e r  bal ls  tended t o  
have larger ,  more numerous prec ip i ta ted  carbides and grea te r  de f in i t i on  
of tempered martensite. Previous metallographic s tud ies  ( r e f .  13) have 
shown t h a t  carbides act ing as s t r e s s  raisers can cause severe local ized 
matrix damage, which produces incipient  fa t igue  cracking. Variation i n  
carbide s ize  and d i s t r ibu t ion  caused by var ia t ions  i n  tempering temper- 
a ture  may be an important contributor t o  the observed var ia t ions i n  
fa t igue l i f e .  

. 

!The percent by volume of re ta ined aus ten i te  for these various heat  
treatments of the  four  a l loys studied i s  given i n  t ab le  11. The percent 
re ta ined austeni te  increased with decreasing tempering temperature and 
increasing mater ia l  hardness . 

One of the p rac t i ca l  requirements of a bearing-material heat- 
treatment schedule i s  control  of re ta ined austenite.  Volume changes 
r e su l t i ng  from in-service austeni te  transformation a re  detrimental  t o  
precis ion bearing operation. Castleman, Averbach, and Cohen ( re f .  1 4 )  
have shown t h a t  retained austeni te  has a deleter ious e f f e c t  on mechanical- 
s t rength properties i n  AIS1 2340 s tee l .  Thus, aside from the-volume- 
change problem, the percentage of retained aus ten i te  i n  the  microstructure 
may influence roll ing-contact fa t igue l i f e  of t o o l  s tee ls .  Since the 
amount of retained austeni te  i s  controlled by tempering temperature and 
i s  hence re la ted  t o  hardness, it is d i f f i c u l t  t o  evaluate independently 
the  e f f e c t  of re ta ined austeni te  on fat igue l i f e .  
periments reported herein, i f  there  w a s  any detrimental  e f f e c t  on fa t igue  
l i f e  because of the presence of grea te r  amounts of the s o f t  re ta ined 
aus ten i te  phase i n  the microstructure of t he  harder specimen groups, it 
w a s  of lesser magnitude than the benef ic ia l  e f f e c t  of the higher material 
hardness. 

However, i n  t he  ex- 

Cleanliness ra t ings  f o r  the  four s t e e l s  studied are given i n  table 
111. Pr io r  austeni te  ASP4 grain s i ze  i s  given i n  t ab le  11. Since only 
the tempering temperature was varied between specimen groups of each 
alloy, cleanliness and p r io r  austeni te  grain s i ze  were held constant fo r  
each alloy composition. 
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Effec t  of Ball Hardness on Race Fatigue Li fe  

dr 
N n 
I 
x 

The A I S I  M-1, A I S I  M-50, and Halmo ball specimens were run against  
race cylinders made, respectively, frm the  same heats  of material .  A l l  
race cylinders fram a given a l loy  were given the  same heat treatment; 
therefore,  they had the  same hazdaess and maybe considered nominally 
ident ical .  
three cylinder materials.  
hardness-level balls of the same alloy. 
each show a s l i g h t  increase i n  10-percent fa t igue  f a i l u r e  l i f e  f o r  
cylinder specimens run against  the harder b a l l  groups. 

Figures 18 t o  20 a re  Weibull p lo t s  of fa t igue l i f e  f o r  the  
Each was run against  the groups of d i f fe r ing-  

Figures 18(d), 19(d), and ZO(d) 

C O N O I N G  REMARKS 

The roll ing-contact fa t igue s tudies  reported herein show tha t  l i f e  
improves w i t h  increased mater ia l  hardness. 
hardness or loss i n  l i f e  at veryhigh  hardness w a s  observed. This re -  
l a t i o n  between fa t igue  l i f e  and hardness has a l so  been observed with 
fu l l - s ca l e  bearings. Deformation s tudies  a l so  showed a continuous up- 
ward trend of res is tance t o  p l a s t i c  defmm&ion with increased hardness 
para l le l ing  the  observed improvement in fat igue l i f e .  However, a con- 
tinuous upward t rend in  mechanical s t rength w a s  not observed with tension 
and compression t e s t s  of bar  specimens made from the same mater ia l  heats  
as the rol l ing-contact  fatigue specimens. 

No optimum intermediate 

It i s  of i n t e r e s t  t o  note tha t  the type of s t r e s s  pa t te rn  produced 
i n  the bar specimens is fundamentally d i f f e ren t  from t h a t  which e x i s t s  
i n  contacting sphericalbodies .  B a r  specimens have an equal s t r e s s  d i s -  
t r i bu t ion  across the test specimen, and the s t r e s s  is  l imited by the 
s t rength of the material. 
i n i t i a l  point contact t o  produce a f i n i t e  contact area t h a t  s u ~ p o r t s  the  
applied load. 
area, varying from zero at the edge t o  a maximum at  the  center. T h i s  
maximum pressure may be much higher than the yield s t rength of the 
material. Gross p l a s t i c  deformation i s  avoided because of confinement 
of the localized, highly s t ressed mater ia l  by the surrounding unstressed 
mater ia l  outside the contact area. However, r e l a t i v e l y  s m a l l  amounts 
of permanent p l a s t i c  deformation are detectable  i n  roll ing-contact 
specimens a f t e r  repeated ro l l i ng  on the  same track. 
fa t igue mechanism, since it involves successive disruptions of the 
metal l ic  c r y s t a l  s t ructure .  P las t ic  deformation can take place, al- 
though on a much smaller scale, at s t r e s s  l eve l s  within the normal 
bearing operating range (ref .  15). 

Contacting spherical  bodies def lec t  from the  

The pressure prof i le  i s  e l l i p t i c a l  across the contact 

This is  a po ten t i a l  
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The s t r e s s  pa t t e rn  of  an indentation hardness tes t  and the  p l a s t i c  
deformation it produces a re  somewhat Similar t o  those of r o l l i n g  spheres, 
only more severe. Hardness i s  a measure of mechanical s t rength under 
conditions approximating t h a t  of bodies i n  r o l l i n g  contact. Thus, hard- 
ness or  a simple p l a s t i c  deformation tes t  with a rol l ing-contact  element 
may be a more va l id  estimate of r e l a t i v e  fa t igue  l i f e  f o r  d i f f e ren t  heat  
treatments of a given a l loy  than tension or compression tes ts  of bar  
spec hens .  

SUMMARY OF FESULTS 

The fatigue spin r i g  and the f ive -ba l l  t e s t e r  were used t o  determine 
the roll ing-contact fa t igue l i f e  of groups of AISI M-1, A I S I  M-50,  Halmo, 
and WB-49 a l loy  s t e e l  b a l l s  tempered t o  various hardness levels .  Tests 
were run a t  room temperature and 800,000-psi maximum t h e o r e t i c a l  (Hertz) 
compressive s t r e s s  with a synthet ic  d i e s t e r  lubricant ,  Mil-L-7808. 
Material hardness, res is tance t o  p l a s t i c  deformation of specimen i n  
r o l l i n g  contact, and previously published t e n s i l e  and compressive s t rength 
da t a  f o r  bar specimens f o r  these same heats  of mater ia l  were compared with 
the  f a t igue - l i f e  resul ts .  The following r e s u l t s  were obtained! 

1. Rolling-contact fa t igue  l i f e  and load-carrying capaci ty  of each 
of the  four  a l loy  compositions studied increased continuously with higher 
mater ia lhardness .  The improvement i n  load capaci ty  was i n  the  order of 
30 t o  100 percent over the hardness range tes ted.  
l i f e  o r  load capacity at intermediate hardness values w a s  observed. 

No m a x i m u m  fa t igue  

2. These fat igue r e s u l t s  did not cor re la te  with previously published 
tension and compression s t rength r e s u l t s  f o r  ba r  specimens from the  same 
hea ts  of material, which showed an apparent optimum strength at i n t e r -  
mediate hardness values. This may be due t o  a t r u e  lack of cor re la t ion  
between fatigue l i f e  and mechanical s t rength or t o  e r ro r s  i n  loading of 
the  hardest tension and compression specimens. 

3. Resistance t o  permanent p l a s t i c  deformation of specimens i n  
r o l l i n g  contact showed a general  increase with increasing hardness. 
Since the  stress pa t te rn  i n  a hardness t es t  i s  s imi la r  t o  t h a t  of bodies 
i n  r o l l i n g  contact, some measure of res is tance t o  p l a s t i c  deformation 
may be a qua l i ta t ive  estimate of r e l a t i v e  fa t igue  l i v e s  of d i f f e ren t  
heat  treatments of a given a l l o y  composition. 

4. Only minor differences i n  metallographic s t ruc ture  were observed 
f o r  the  var ious hardness leve ls  of each a l l o y  considered. The s o f t e r  
b a l l s  tended to  have more and la rger  f ine  (prec ip i ta ted)  carbides and 
g rea t e r  def in i t ion  of tempered martensite. 
increased w i t h  higher hardness (lower tempering temperature). 

Percent re ta ined aus ten i te  

Lewis  Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, December 9, 1959 
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APPEM)M - STRESS-CYCLE: RFZLATION 

The following symbols, shown i n  f igure  1(6), are  used i n  t h i s  
derivation: 

r radius of ball  specimen and lower support balls 

v1 surface tangent ia l  ve loc i ty  of test specimen at  point of contact 

. 
c 

.I 

v2 tangent ia l  ve loc i ty  of support balls 

w1 angular ve loc i ty  of dr ive shaf t  

w2 angular ve loc i ty  o f  support ba l l s  around center of shaft axis 

8 contact angle 

The r e l a t ive  speed of the t e s t  specimen and the lower support 
b a l l s  i s  derived as follows: 

v1 = q r  cos 8 

(r2 = 2 r  cos e )  v2 = 2 

v2 v2 w2 = - =  
r2 2 r  cos ,g 

The r e l a t i v e  angular veloci ty  of the  upper b a l l  t o  a lower ba l l  i s  
'ul - w2 = kd4. 
revolution from each lower ball. Therefore, the number of s t r e s s  cycles 
per revolution equals 3/4 s t r e s s  cycles per b a l l  multiplied by 4 balls, 
o r  3 stress cycles; t h a t  is, a point on the upper ball is st ressed three  
times per  sha f t  revolution. 

The upper ball receives 3/4 of a s t r e s s  cycle per  
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TABIS 111. - NONMETALLIC INCLUSION RATINGS 

OF TEST MATERIAIS 

[ Jernkontoret charts (ASTM spec. EQ5-51). ] 

AIS1 M-50 

H a l m O  

Material 

-5 1.5 

.5 2.0 

1 WB-49 1 1.510 
a h s i g n a t  ion: 

A sulfides 
B aluminates 
C s i l i c a t e s  
D oxides 
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( c )  Five-ball  fatigue tester. 

Figure 1. - Continued. Test  apparatus. 
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Separator 4 Support ball-/ Load T e s t  specimen { Raceway 

(a) Schematic diagram, f ive-bal l  f a t igue  tester. 

Figure 1. - Concluded. T e s t  apparatus. 
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Hardness, Rockwell C 

Figure 7. - 10-Percent fatigue failure life as a function of hardness for four 
alloy steels. 
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Hardness, Rockwell C 

Figure 9. - Tensile properties of three tool steels tempered 
t o  various hardnesses (data f r o m  refs.  5 and 6 ) .  
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( a )  Elastic limit. 

. 
* 

Hardness, Rockwell C 

( b )  Yield strength. 

Figure 10. - COmpreSSlVe properties of  three tool 
steels tempered t o  various hardnesses (data f rom 
refs. 5 and 6). 



Figure 11. - Elas t i c  modulus of three t o o l  s t e e l s  tempered 
t o  various hardnesses (data from r e f .  6 ) .  
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(a )  Rockwell C-62, double temper 
2 hours at llOOo F. 

(b) Rockwell C-64.5, double temper 
2 hours a t  1050' F. 

( c )  Rockwell C-66, double temper 
2 hours a t  1000° F. 

Figure 14. - Microstructure of AIS1 M - 1  t o o l  s t e e l  aus ten i t ized  a t  2200' F, 
o i l  quenched, and tempered as indicated. X750, figure reduced 20 percent 
i n  pr in t ing .  

I 



42 

(a )  Rockwell C-60 double temper b 2 hours a t  1100 F. 
(b)  Rockwell C-60.5, double temper 
2 hours at 1050' F. 

(c )  Rockwell C-63, double temper 

Figure 15. - Microstructure of AIS1 M-50 t o o l  s t e e l  austeni t ized at 2050' F, 

2 hours at 1000° F. 

o i l  quenched, and tempered as indicated.  
i n  pr int ing.  

X750, f igu re  reduced 20 percent 
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P 
(a) Rockwell C-59, double temper 

2 hours at U0Oo F. 
(b) Rockwell C-60, double temper 
2 hours at 1050' F. 

(c) Rockwell C-62, double temper 
2 hours at 1000° F. 

Figure 16. - Microstructure of Halmo tool steel austenitized at 2100° F, 
oil quenched, and tempered as indicated. X750, figure reduced 20 
percent in printing. 
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